In the past few decades, great attention has been focused on uncovering the physics of seismic wave attenuation in fluid-saturated rocks. However, the relationship among many variables affecting attenuation is still not completely clear. For instance, although the role of strain in enhancing friction dissipation is relatively well known for dry rocks, it remains unclear how and how much it affects attenuation in fluid-saturated rocks. We experimentally measured attenuation in the extensional mode in Berea sandstone at strains between 7.8 × 10 −7 and 1.9 × 10 −5 , and at frequencies in the seismic bandwidth (1-100 Hz). These strains were similar to those typically observed in seismic exploration (∼10 −6 ). We also measured the transient fluid pressure caused when a stepwise stress was applied resulting in such strains. For the studied strain range, our results indicated that: (1) the overall attenuation in dry Berea sandstone increased linearly with strain, (2) the frequency-dependent component of attenuation, which was associated with fluid saturation, was approximately insensitive to strain, and (3) the overall attenuation can be considered as a sum of a frequencyindependent and a frequency-dependent components.
INTRODUCTION
Experimental studies conducted in the second half of the last century show that seismic wave attenuation in dry rocks is sensitive to strain (e.g., Gordon and Davis, 1968; Winkler et al., 1979) . The mechanisms responsible for such loss of energy can be related to intrinsic material anelasticity, thermoelastic effects, and friction at grain boundaries and microcracks (Walsh, 1966; Nowick and Berry, 1972; Kjartansson, 1980) . Saturated rocks dissipate energy also as a consequence of fluid-related mechanisms (e.g., Mavko et al., 2009 ). In the seismic frequencies, fluid-related mechanisms possibly dominating attenuation are wave-induced fluid flow at the micro-and mesoscopic scales (White, 1975; Mavko and Jizba, 1991; Pride et al., 2004; Tisato and Quintal, 2013) . It is reasonable to assume that attenuation mechanisms, active in dry rocks, are also active in fluid-saturated rocks (Johnston et al., 1979) . In fact, to interpret laboratory measurements of seismic attenuation in fluidsaturated rocks, Johnston et al. (1979) , Tisato and Quintal (2013) , and Kuteynikova et al. (2014) assume that fluid-and frame-related attenuation mechanisms are independent and that the latter is also active in fluid-saturated rocks. However, how strain affects attenuation is still the subject of questions. In particular, it is not clear whether attenuation due to wave-induced fluid flow is independent of strain (Winkler et al., 1979) . Tisato and Quintal (2013) report laboratory measurements of seismic attenuation and transient fluid pressure that, in combination with numerical results, show that the attenuation measured in the fluid-saturated sample resulted from the sum of a frequencyindependent component and a frequency-dependent component. The first was associated with attenuation mechanisms related to the solid frame of the rock (e.g., frictional loss), whereas the second was demonstrated to be caused by wave-induced fluid flow at the mesoscopic scale. The assumption that fluid-and frame-related attenuation mechanisms were independent seemed reasonable but still needed to be verified.
Mainly seeking to verify or falsify that, in this study, we report a series of seismic attenuation measurements in extensional mode (i.e., related to Young's modulus) for Berea sandstone under dry and partially saturated conditions and under strains ranging between 7.8 × 10 −7 and 1.9 × 10 −5 . This range of strains is representative for seismic wave propagation in subsurface rocks (Karato and Spetzler, 1990 ). Here, we report new evidence that the frame-and the fluid-related attenuations are mutually independent and that only the frame-related component of seismic attenuation is significantly affected by the strain variations.
Knowing whether the fluid-and frame-related attenuation components are independent can be useful, for example, to estimate and interpret fluid-related attenuation from quasi-static laboratory data obtained at strains larger than 10 −6 , and/or for comparing them to dynamic laboratory measurements that are performed at lower strain levels. This study can also be applied to isolate the fluid-flow effect from seismic attenuation in field data, so that, ideally, flow-related properties (e.g., permeability), fluid properties, or saturation in a subsurface reservoir could be forecasted. This particular application could even be extended to earthquakes or near source seismic where strains are much larger than in conventional reflection seismic.
METHODOLOGY
The cylindrical rock sample was 7.6 cm in diameter and 25.0 cm in length, and it was placed vertically in the broad-band attenuation vessel (BBAV, Tisato and Madonna, 2012) . A sketch of the BBAV is shown in Figure 1 . We used the Berea sandstone sample named BS001, used also by Tisato and Madonna (2012) and Tisato and Quintal (2013) , with a permeability of ∼300 mD and a porosity of 21%. Madonna et al. (2012) show that this rock can be considered isotropic and homogeneous at the sample scale. Water was injected at the bottom of the sample increasing the saturation from ∼0% to ∼100%. Measurements were conducted under undrained conditions, room temperature, and approximately room pressure. In fact, the confining pressure was ∼0.25 MPa, whereas the fluid pressure was ∼0.1 MPa. A vertical differential stress of ∼1.1 MPa was applied on the sample to ensure the good coupling between the sample and the sample holders. The sample was sealed with aluminum foil glued onto its curved surface and a fluorinated ethylene propylene shrink-tube (jacket). More details on sample sealing can be found in Tisato and Quintal (2013) . Dunn (1987) and Yin et al. (1992) show that a layer of glue or a metal foil glued on the external surface of the sample limits the free-flow boundary effect that could bias the measurements (Gardner, 1962; Dunn, 1986) . On the other hand, Tisato and Madonna (2012) discuss that, for the considered rock and conditions, this effect should be significant only at frequencies higher than 100 Hz.
The BBAV uses the subresonance method (or forced oscillation method) in which a sinusoidal compressive normal stress is applied vertically on top of the sample and the resulting sinusoidal vertical strain is recorded (McKavanagh and Stacey, 1974) . The phase shift φ between the applied stress and the resulting stain is computed, and the attenuation is then calculated as
which is the extensional-mode attenuation associated with the Young's modulus. Calibration of the BBAV was reported by Tisato and Madonna (2012) showing that this apparatus can provide accurate attenuation data in the range from 0.003 to 0.1 and in the frequency range from 0.01 to 100 Hz. The BBAV was further developed to measure transient fluid pressure in partially saturated samples (Tisato and Quintal, 2013) . The transient fluid pressure is caused by a quick variation of the differential stress applied between the top and the bottom of the sample. This quick variation of the differential stress can be approximated as a step function. Five pressure sensors, able to depict variations of pressure in less than 50 μs, were laterally introduced into the sample. The sensors were 200 kPa full scale and vertically spaced at about 4.2 cm. Fluid pressures measured at different locations are named P1, P2, P3, P4, and P5, where P1 and P5 are the closest to the top and the bottom of the sample, respectively (as illustrated in Figure 1 ). For the small sensor holes on the sample, a special sealing design reduced the free space between the sensor and the inner wall of the hole limiting the artificial porosity introduced by the presence of the pressure sensors.
More details on the methods used to measure attenuation and transient fluid pressure were reported by Tisato and Madonna (2012) and Tisato and Quintal (2013) , respectively.
RESULTS
We measured seismic attenuation in the dry (equilibrated with room humidity) Berea sandstone sample for six strain levels between 7.8 × 10 −7 and 1.9 × 10 −5 (Figures 2 and 3 and Table 1 ). The resulting attenuation can be considered constant with frequency ( Figure 3) . Values of 1∕Q, averaged over the entire frequency bandwidth, increased linearly between 0.007 and 0.02 as a function of the increasing strain ( Figure 2 ) and agree with measurements by Winkler et al (1979) performed at higher frequencies (between 500 and 1500 Hz, also shown in Figure 2 ). In particular, 1∕Q dry;1 ¼ 0.007 and 1∕Q dry;2 ¼ 0.02 are the values measured at Figure 1 . Sketch of the BBAV (Tisato and Madonna, 2012) . P1-P5 indicate the positions along the sample in which the transient fluid pressure was measured (Tisato and Quintal, 2013) .
−6 and ε 2 ¼ 1.9 × 10 −5 , respectively. We also measured seismic attenuation in the Berea sandstone sample with different water-saturation degrees, using these two magnitudes of vertical strains, ε 1 and ε 2 (Figure 3 , Table 1 ). Measurements were performed for 62%, 86%, and 97% water saturation. All of the partial saturation scenarios yielded frequency-dependent attenuation, but high values of attenuation were observed only for 86% and 97% water saturation. Overall, attenuation increased with increasing saturation and with increasing strain.
To better understand the effect of strain on fluid-related attenuation, we applied an operation to the data set shown in Figure 3 . For the same saturation conditions, the attenuation measured at the lower strain ε 1 was subtracted from the attenuation measured at the larger strain ε 2 (Figure 4 ). The resulting difference is approximately constant (0.015 AE 0.005) over the entire frequency bandwidth for all the different saturation conditions, indicating that the fluid-related frequency-dependent component of attenuation was approximately eliminated by this operation. This demonstrates that this component of attenuation is independent of strain for the considered conditions. We also measured transient fluid pressure in the same Berea sandstone sample at five positions indicated in Figure 1 , when the sample was saturated with 97% water ( Figure 5 ). Similar fluid pressure data for other degrees of saturation using the same rock sample were presented by Tisato and Quintal (2013) . The fluid pressures were measured during 2 s after the application of a step stress at the time t 0 ¼ 0 s. For these measurements, we applied on the sample the same strains that were applied for the seismic attenuation measurements (Table 1) . Fluid pressures were substantially higher at the bottom of the sample (P3, P4, and P5), suggesting that water saturation was higher there. This result was expected because water was injected at the sample bottom. Interestingly, fluid pressure increased approximately linearly with the strain magnitude (Figures 5 and 6 ). Strain-dependent fluid pressures measured at the top of the sample, P1 and P2, were less accurate than those measured at the bottom, P3, P4, and P5 (Figure 6b ). Lower accuracy was mainly due to the fact that P1 and P2 were much lower than the full scale of the sensor, resulting in a lower signal-to-noise ratio. The linear increase in fluid pressure with strain indicates that the active fluid-flow mechanism in this sample at the considered frequencies is approximately independent of strain. This, again, suggests that the fluid-related frequency-dependent component of attenuation is approximately independent of strain, as indicated by the data shown in Figures 3 and 4 .
DISCUSSION
The attenuation data reported in Figure 3 that were obtained under the strain ε 1 ¼ 1.2 × 10 −6 were previously studied and reported by Tisato and Quintal (2013) . They showed that wave-induced fluid flow at the mesoscopic scale was responsible for the frequency-dependent attenuation measured in the 97% water-saturated Berea sandstone sample. In particular, the rock sample was approximated by a 3D poroelastic numerical model in which mesoscopic airsaturated patches immersed in a fully water-saturated background were increased in number and size toward the top. The solid frame properties were constant throughout the model. It is reasonable to assume that also the frequency-dependent attenuation observed for Figure 2 . Attenuation for dry Berea sandstone measured at frequencies between 1 and 20 Hz and compared with the results of Winkler et al. (1979) measured at approximately 1 kHz. For ε 2 ¼ 1.9 × 10 −5 and ε 1 ¼ 1.2 × 10 −6 and 1∕Q dry; 2 ∼ 0.02 and 1∕Q dry; 1 ∼ 0.007, respectively. Between these two values, 1∕Q increased linearly with increasing strain ε (notice that the x-axis is displayed in logarithmic scale). The error bar indicates the measurement range (i.e., maximum minus minimum value in the frequency bandwidth) plus the repeatability error. Figure 3 . Laboratory measurements of strain ε and attenuation 1∕Q in dry and partially saturated Berea sandstone. All the 1∕Q measurements were acquired for the two values of strain, ε 2 ¼ 1.9 × 10 −5 and ε 1 ¼ 1.2 × 10 −6 . The 1∕Q data acquired under strain ε 1 and partial saturation conditions were firstly reported by Tisato and Quintal (2013) . 62% and 86% water-saturation conditions result from wave-induced fluid flow at the mesoscopic scale. This is based on the fact that attenuation due to this mechanism would most probably be similar in frequency dependence and amplitudes for the cases of 86% and 97% saturations, considering similar fluid distributions, and would be significantly lower for fluid saturations lower than 70%. Indeed, this can be easily verified using an analytical solution to estimate attenuation due to wave-induced fluid flow at the mesoscopic scale (e.g., Pride et al., 2004; Quintal et al., 2011) .
The frequency-independent attenuation exhibited by the dry sample may be mainly caused by friction between lubricated grain boundaries (Walsh, 1966; Johnston et al., 1979; Winkler et al., 1979; Stewart et al., 1983) . Lubrication due to residual water at grain boundaries is expected for our dry sample because it was equilibrated with room humidity. Normally, ultradry samples show significantly reduced attenuation compared with a sample equilibrated with room humidity because sliding is limited (e.g., Tittmann et al., 1975) . Another case in which attenuation due to friction becomes negligible is when the rock is subjected to confining pressures high enough to close most of the cracks (Walsh, 1966) . In this study, low confining pressures were used.
Albeit the results presented here are valid for Berea sandstone, fluid type, pressure, temperature, and range of strains used, they can help constrain the physics governing attenuation of seismic waves in rocks. Our results showed that the frequency-independent component of attenuation, related to the solid frame of the rock and affected by strain, is approximately the same for all the three partial saturation cases and the dry case (Figures 3 and 4) . These results suggest that the fluid-related frequency-dependent component of attenuation is approximately independent of strain. This observation is supported by the fact that the fluid pressure increases linearly with strain ( Figure 6) . A statistical analysis conducted on the experimental results demonstrates that the increase of fluid pressure was indeed linearly correlated with the strain. For that, we selected fluid pressure at 2379 (N) times (t n ) linearly distributed between t 0 and t ¼ 1.95 s, for the five pressure sensors and six strain levels. The data were grouped for the same sensor and t n resulting in 11895 pressure-strain data plots. Each data plot was fitted with a linear regression (Figures 6a and 6b) . We evaluated the fits by calculating the coefficient of determination R 2 of each regression (Figure 6c) . A total of 99.8% of the regressions had R 2 > 0.98, confirming that at a fixed time after t 0 , fluid pressure P fl increases linearly with strain:
where a is an arbitrary constant associated with the considered time and sensor. Now, we analyze the time evolution of the mechanical energy stored in the 97% water-saturated sample using the experimental data. A few milliseconds after t 0 (e.g., t ¼ 0.006 s), the stress (that was a stepwise time function) can be considered at the steady state, and P2, P3, P4, and P5 are maximal. Assuming that the sample has a viscoelastic rheology, one can distinguish between dissipated and stored energy (e.g., Lakes, 2009 ). In particular, the elastic energy density stored in the sample U e can be estimated as the sum of the elastic energy densities stored in the solid frame U s and in the fluid frame U fl . After t 0 , no additional energy is provided to the system and no variations of stress are imposed from the external motor. In this case and for a perfectly elastic sample, no variation of stored energy U e should be observed. However, for our 97% watersaturated sample, the variations in fluid pressure are significant ( Figure 5 ). Because attenuation is much lower when the sample is dry than when it is saturated (Figure 3) , we consider here only the energy loss associated with variations in fluid pressure and, thus, to fluid mobilization. For instance, from t ¼ 0.006 s to t ¼ 0.1 s, P4 decreases by ∼62%. For longer intervals, P2, P3, P4, and P5 decrease up to 92%, whereas only P1 increases (Figures 5 and 6b ). All the sensors reach similar values around t ¼ 2 s (Figures 5 and 6b) . Considering the volume monitored by the sensors measuring P2, P3, P4, and P5 versus the volume monitored by the sensor measuring P1, we can state that the fluid pressure in the sample globally decreases after t ¼ 0.006 s. Between the times t 1 and t 2 , the variation of fluid pressure is ΔP fl ¼ P fl1 − P fl2 . The elastic energy density stored in the fluid U fl at each time interval can be roughly estimated as where ε v and K fl are the volumetric strain and the bulk modulus of the fluid, respectively (Figure 7b ). Considering that the fluid flow caused by pressure gradients dissipates mainly elastic energy stored in the fluid, the energy dissipated in the time interval between t 1 and t 2 , can then be calculated, using equations 2 and 3, as
where b and c are arbitrary constants. The elastic energy density stored in the sample (U e ) at each time interval can be estimated as
where E is the Young's modulus (Tisato and Quintal, 2013) . The ratio ΔU fl ∕U e , which is also a measure of energy loss, is then
which is, in first approximation, independent of strain ( Figure 7c ). This result explains why a linear dependence of fluid pressure on strain implies that the fluid-related, frequency-dependent component of attenuation is insensitive to strain. Because E varies slightly with strain, we verified that the ratio ΔU fl ∕U e was approximately independent of strain by conducting a statistical analysis on the experimental data. We considered K fl constant in the investigated range of strain and equal to 1 GPa, as a proxy of an air-water mixture. The Young's modulus E was calculated for each of the 2379 step intervals as the stress-to-strain ratio (Lakes, 2009) . In fact, E varied between 6.6 and 6 GPa as the result of the strain variation between 7.8 × 10 −7 and 1.9 × 10 −5 . We calculated U fl and U e for each sensor and t n . For each sensor, we obtained 2378 data plots of ΔU fl ∕U e versus strain. We considered the elastic energy density stored in the sample U e in that time interval as its average between the two times (Figure 7a) . Each ΔU fl was calculated as the difference between adjacent values of U fl in time (Figure 7b) , and each data plot in the space ΔU fl ∕U e versus strain was interpolated with a linear regression resulting in 11,890 slopes (e.g., Figure 7c ). The slope of the regression gives an indication of how much ΔU fl ∕U e varies with strain. We found that ∼98% of the calculated regressions had a slope between −15 and 15, and that the mean of the slopes was −0.42 (Figure 7d ). This confirms that the ratio between the dissipated energy due to fluid flow and the elastic energy stored in the 97% water-saturated sample can be considered independent of strain.
CONCLUSIONS
Laboratory measurements of attenuation at frequencies between 1 and 100 Hz and of transient fluid pressure were performed in dry and partially water-saturated Berea sandstone under six strains between 7.8 × 10 −7 and 1.9 × 10 −5 . Attenuation in the dry sample was frequency independent and increased linearly with the increase in strain. For the partial water-saturation cases, attenuation was frequency dependent, but its increase with strain was approximately equal to the attenuation increase for the dry case; it can be expressed with a simple and frequency-independent shift of the attenuation curve.
In summary, for the investigated range of strains, the rock type and saturation degrees: (1) the frequency-independent and frequencydependent components of measured attenuation were approximately mutually independent, and (2) the fluid-related, frequency-dependent component of attenuation was approximately insensitive to strain. 
